The Drosophila leg is subdivided into two mutually antagonistic proximal and distal domains. The proximal domain is defined by the activity of the homeobox genes homothorax and extradenticle and the distal one by the Dpp/Wg targets Distal-less (Dll) and dachshund (dac). It is known that hth/exd function prevents the activity of Dpp and Wg response genes and that cells deficient for exd activity in the proximal domain differentiate pattern elements corresponding to more distal leg regions. We report new results on the role of hth/exd antagonising the Dpp pathway. In cells expressing hth in the distal leg, there is a debilitation of the Dpp pathway which is reflected in lower levels of Mad phosphorylation and in increased levels of the receptor thick veins. Ectopic hth expression in the distal leg results in JNKmediated apoptosis, decreased growth and pattern abnormalities. It also causes a general proximalisation of the appendage, which can be explained by interference with the Dpp and Wg pathways. We also report that the repression by hth/exd of the Dpp and Wg target Distal-less is not achieved at the level of transcription but preventing the activation of Dll target genes. We propose that hth/exd function contributes to the normal identity of proximal cells both by limiting the influence of the Dpp and Wg pathways and by activating proximal genes like teashirt (tsh) and aristaless (al). q
Introduction
The leg imaginal discs originate in the lateral region of the embryo and form the adult legs, as well as the trunk cuticle (pleurae) to which legs are attached. There are about 30 cells in each leg primordium (Cohen et al., 1991) , whereas the mature leg disc contains about 30,000 cells. During development, the leg primordium becomes subdivided into several genetic domains. A first and fundamental one is that between anterior (A) and posterior (P) compartments (Garcia-Bellido et al., 1973 , 1976 Lawrence and Morata, 1977) , which affects the entire segment and is established during embryogenesis, before the disc is formed. This subdivision is kept by a strict lineage; the progeny of the A and P compartment cells is always confined within the corresponding compartment.
Other subdivisions that distinguish dorso-ventral (D/V) and proximo-distal (P/D) regions appear during the postembryonic development of the disc (Lecuit and Cohen, 1997; Abu-Shaar and Mann, 1998; reviewed in Morata, 2001) , but unlike the A/P subdivision, they are not maintained by a cell lineage mechanism (reviewed in Mann and Morata, 2000) . These subdivisions result from the localisation of the Dpp and Wg signals (Diaz-Benjumea et al., 1994) in opposite dorsal and ventral regions of the disc. Dpp and Wg induce activity of the response genes optomotor-blind (omb), H15, and hairy (Brook and Cohen, 1996; Grimm and Pflugfelder, 1996; Hays et al., 1999) , which establish different identities in the two regions. The antagonism between the Dpp and Wg pathways (Brook and Cohen, 1996; Jiang and Struhl, 1996; Penton and Hoffmann, 1996) ensures that the two domains are kept developmentally segregated.
In the P/D axis, a principal subdivision distinguishes between the proximal region, destined to form the body wall and the proximal leg segments (coxa and trochanter), and the distal region which forms the remaining leg segments (femur, tibia, basitarsus and tarsus). This segregation reflects the existence in the early disc of two distinct genetic domains: a proximal one containing activity of the genes homothorax (hth), extradenticle (exd) and teashirt (tsh), and the distal one that contains Distal-less (Dll) activity (Abu-Shaar and Gonzalez-Crespo et al., 1998; Lecuit and Cohen, 1997; Wu and Cohen, 1999) . The homeobox genes hth and exd are expressed in the trunk regions of thoracic and abdominal segments (Azpiazu and Morata, 1998; Rauskolb et al., 1993; Rieckhof et al., 1997) . They are functionally linked; hth behaves as a positive regulator of exd by promoting the nuclear transport of (Aspland and White, 1997; Mann and AbuShaar, 1996) whereas exd is necessary to prevent the degradation of the Hth protein (Abu-Shaar and . The phenotypes of cells lacking either hth or exd function are very similar and therefore we shall consider these genes as a functional unit. tsh encodes a transcription factor containing a zinc finger protein; its embryonic function is well known (Fasano et al., 1991; Roder et al., 1992) , but there is little information about its developmental role in the adult leg. Studies making use of hypomorphic mutations (Erkner et al., 1999; Wu and Cohen, 2000) indicate that tsh function is required for the normal development of proximal leg segments. The developmental function of Dll in the adult is well known (Cohen et al., 1989; Gorfinkiel et al., 1997 ). It appears to be necessary for the growth and identity of ventral appendages.
The expression of hth/exd and Dll during leg disc development is controlled by their response to the Wg and Dpp signals: high expression levels of the Wg and Dpp activate Dll in the central part of the disc where Dll suppresses hth/ exd activity (Gonzalez-Crespo et al., 1998; Abu-Shaar and Mann, 1998) . In the periphery of the disc, the concentration of the Dpp and Wg signals is not sufficient to induce Dll and the activity of hth/exd remains. hth/exd activity then blocks the response of other Dpp and Wg response genes such as dachshund (dac), omb and H15 (Abu-Shaar and Gonzalez-Crespo et al., 1998) , which could be activated by those signals at lower concentration than Dll (Lecuit and Cohen, 1997) . The mutual antagonism between hth/exd function and the Hh/Dpp/Wg pathway ensures the maintenance of the two distinct domains. For example, leg cells containing hth activity cannot mix with those in which the Hh/Dpp/Wg pathway is active (Wu and Cohen, 1999) .
Thus a major feature of leg development is the ability of hth/exd to block or reduce the activity of Dpp and Wg pathways in the proximal region. However, this is not achieved by inhibiting or reducing dpp or wg transcription, for these are normally expressed in the hth/exd domain (Abu-Shaar and Gonzalez-Crespo et al., 1998; Wu and Cohen, 1999) . Also, the diffusion of the signals does not seem to be affected because Wg and Dpp response genes such as dac or omb become activated in small clones of exd or hth mutant cells surrounded by normal hth-expressing cells (Gonzalez-Crespo et al., 1998; Abu-Shaar and Mann, 1998; Wu and Cohen, 1999) . This indicates that the Wg and Dpp signals can reach the mutant cells diffusing across the hth/exd domain. Thus the antagonistic effect of hth/exd on Dpp and Wg signalling should take place at some point between the reception of the signals and the nuclear activation of the response genes.
We have focussed on the interference of hth/exd with the activity of the Dpp pathway. There are a number of steps between the reception of the Dpp signal and the activation of the response genes. The signal is transduced through an active receptor complex composed of two (type I and type II) receptors, encoded in Drosophila by the genes thick veins and punt respectively (reviewed in Raftery and Sutherland, 1999) . Once Dpp is bound to the receptor complex, phosphorylation of Mad, a Drosophila member of the receptor regulated Smads (R-Smads) family occurs. This phosphorylation leads to association of pMad with another Smad protein, Medea. Medea belongs to the common-mediator family of Smads proteins (co-Smads), which show signal dependent association with phosphorylated R-Smads. This Smad complex translocates to the nucleus where it regulates the transcription of target genes.
In this work, we examine the function of hth in leg development and its interactions with the Dpp pathway. We show that hth is necessary for the normal specification of the proximal leg, where it activates the transcription factor genes teashirt (tsh) and aristaless (al). In addition, it interferes with the function of the Dpp pathway by two different mechanisms: (1) attenuating the Dpp transduction levels and (2) preventing the activation of genes downstream the Dpp target Dll.
Results

Developmental alterations caused by modifications of hth activity
We have carried out experiments that either eliminate hth function in the normal domain (the proximal leg) or induce hth activity in inappropriate places (the distal leg). Experiments of this kind have already been reported (Abu-Shaar and Goto and Hayashi, 1999; Wu and Cohen, 2000) , but here we examine some aspects that have not been considered.
Loss of function of hth
Elimination of hth function in the proximal region (see Section 4) results in an alteration of the normal identity of the cells; hth 2 clones differentiate leg pattern elements that do not correspond to the position of the clones. They also form vesicles of tissue segregating from the surroundings. In the coxa, they differentiate bristles resembling those in the femur (Fig. 1A) . This can be assessed because within the clone some bristles have bracts and others do not, a characteristic feature of the femur. Besides, these clones tend to fuse with the femur (Fig. 1B) , an event which is facilitated by the physical continuity between the presumptive coxa and femur regions (Cohen, 1993) , and suggests that the clones acquire femur identity.
The differentiation of proximal hth 2 clones as femur is of interest, because the femur is a part of the domain of dac, a target of Dpp and Wg (Lecuit and Cohen, 1997; see Section 3) . It illustrates the normal role of hth in preventing the patterning influence of Dpp and Wg in the proximal region, for in the absence of hth, the proximal cells respond to the these signals. The transformations observed in hth 2 clones are strictly cell autonomous; only cells within the clone are affected.
The loss of hth in the proximal region is also reflected in the loss of activity of other genes necessary for proximal leg development. The gene teashirt (tsh) is expressed in the leg disc, where its domain is largely coincident with that of hth (Gonzalez-Crespo and Morata, 1996; Wu and Cohen, 2000) . It has been previously described that tsh hypomorphic alleles show a reduction of proximal leg structures (coxa and trochanter), with bracted bristles developing in proximal regions (Erkner et al., 1999) . This phenotype resembles that observed in hth mutant clones in the proximal leg described above. In agreement with previous results (Wu and Cohen, 2000) , we find that in hth mutant clones there is no tsh activity. Conversely, inappropriate expression of hth in the distal leg region results in ectopic activation of tsh ( Fig. 2A-C) , suggesting that hth behaves as an activator of tsh. We have checked whether tsh may also activate hth, as it occurs in the wing disc (Azpiazu and Morata, 2000) but cells with ectopic tsh fail to activate hth (Fig 2D-F) . Furthermore, these clones survive to adulthood and differentiate normal distal structures. In a previous report, Wu and Cohen (2000) found hth activation induced by ectopic tsh in the presumptive femur region. Our clones do not show this effect; this discrepancy might be due to the usage of different drivers and/or UAS lines.
A special case is the regulation of the homeobox gene aristaless (al). It is expressed in two different leg domains, one in the proximal and the other in the most distal leg regions (Campbell and Tomlinson, 1998, Fig. 2G , see Section 3). In null al mutants, there is a loss of proximal leg pattern elements such as the sternopleural bristles as well as a reduction of proximal tissue (Campbell and Tomlinson, 1998) , indicating that al has a developmental role in this region. We find that in hth mutant clones in the proximal regions, al activity is abolished (Fig 2H-I ).
Ectopic hth expression
We have made use of several Gal4 lines to induce ectopic hth expression; some drive activity in large zones of the disc, whereas others direct hth expression in more restricted regions. We have also induced a large number of clones of hth-expressing cells.
One general conclusion about these experiments is that ectopic hth activity, as it does in the wing (Azpiazu and Morata, 2000) , can prevent growth (Fig. 3 ). For example, in Dll-Gal4/UAS-hth flies, the activity of hth in the cells of the Dll domain results in truncated legs in which all distal elements are lacking (Fig. 3B) , a phenotype very similar to that described for strong hypomorphic Dll mutants (Cohen et al., 1989; Gorfinkiel et al., 1997) . In bab-Gal4/UAS-hth flies, ectopic hth activity is restricted to a ring of expression in the tarsus, and correspondingly, the tarsal segments 2-4 are reduced (Fig. 3D) . A similar result is observed for apGal4/UAS-hth flies in which the fourth tarsal segment is missing (Fig. 3C ). The clones of hth-expressing cells also exhibit poor growth and the majority are eliminated. This can be shown by the comparison of the survival of hthexpressing clones in the proximal leg region (the normal hth domain) and in the distal leg region. Out of a sample of 16 legs containing hth-expressing clones (heat shocked at 48-72 h of age,) we find 26 clones in the region proximal to the trochanter and 12 in the distal region (eight of which were forming vesicles of invaginated tissue). As control, we examined the same number of legs heat shocked in the same period, in which we induced tsh-expressing clones that cause no developmental alteration. In the latter, we find 29 proximal and 28 distal clones.
The loss of structures observed in the previous experiments suggests that ectopic hth expression may trigger an apoptotic program. Also, the impairment of growth caused by ectopic hth activity may result in the elimination of hthexpressing cells by cell competition (Morata and Ripoll, 1975; Moreno et al., 2002) . There is recent evidence ( Moreno et al., 2002 ) that cell competition functions by triggering the JNK apoptotic pathway in the affected cells. JNK signalling is known to play a role in the wing disc inducing apoptosis as a response to alterations in Dpp levels (Adachi-Yamada et al., 1999 ). An indicator of the activity of the JNK pathway is the expression of puckered (puc), a gene also involved in embryonic dorsal closure and in imaginal cells fusion (Martin-Blanco et al., 1998) . In the wildtype leg disc, puc is expressed only in the most proximal cells, where they are probably involved in the midline fusion, and at low level, in some mid-dorsal cells (Fig. 3E) . In bab-Gal4/UAShth leg disc, the ectopic hth expression in the tarsus is accompanied by activation of puc in the same region (Fig.  3J ). This activation of the JNK apoptotic program is probably responsible for the disappearance of the tarsal structures in the adult leg. We also observe ectopic puc activation in nub-Gal4/UAS-hth leg discs (not shown).
In addition to growth inhibition, ectopic hth activity also induces a phenomenon of 'proximalisation' in the leg pattern, which has been reported previously (Mercader et al., 1999) : the distal pattern elements are reduced proportionally more than the proximal ones. This effect can be illustrated using Gal4 lines like C765 (Fig. 4B-D) , which confers moderate but overall expression levels. C765/UAS-hth flies can be raised at different temperatures (17, 22 and 288C) which allow different levels of Gal4 activity. Legs of the same genotype show different degrees of proximalisation which correlate with the temperature; at 178C, there is a slight effect (Fig. 4B) , whereas at 288C, there is extreme proximalisation and often the leg is reduced to a single segment (Fig. 4D) . Some of the effects observed using Gal4 lines were also noticed by inducing marked clones of hth-expressing cells. In all the distal leg segments (femur, tibia, metatarsus and tarsi), these clones differentiate abnormally, often forming vesicles that sort out from the surrounding territory. They are recovered with low frequency and are associated with pattern abnormalities in the wildtype cells close to the clones. In many instances, we observe alterations in the distal leg which are not associated with visible hth-expressing clones. We suspect that in these cases the clones have been eliminated by apoptosis and we only observe their effects on neighbour cells. The type of bristles that the surviving hth-expressing clones differentiate is unlike those in the vicinity, suggesting a change in fate. This effect extends to wild type cells close to the clones, as has been noticed before (Goto and Hayashi, 1999) . A general feature of these clones is that they appear to induce the formation of proximal structures in distal positions.
Ectopic hth activity interferes with the Dpp pathway by two different mechanisms
The results described above indicate that ectopic hth activity in the distal leg alters patterning of the PD axis, whose formation requires normal deployment of the Dpp signal (Lecuit and Cohen, 1997) . We designed experiments to determine at which step(s) hth interferes with the Dpp cascade.
hth does not affect the production of the Dpp signal
Although previous work (Gonzalez-Crespo et al., 1998; Abu-Shaar and Mann, 1998) already suggested that dpp expression is normal in the presence of hth activity, we nonetheless checked the possibility that the high hth levels in our experiments might affect the production of the Dpp signal. Making use of various Gal4 lines, we found (not shown) that dpp (and wg) expression is not modified by high hth levels, even in cases in which there is a profound alteration of the normal pattern.
hth interferes with the transduction of the Dpp signal
We next tested the possible interference with the transduction of the Dpp signal. The transduction process requires the phosphorylation of the Mad protein after the cell receives the ligand. Therefore the distribution of the phosphorylated form of Mad (pMad) is considered to be indicative of regions active in Dpp transduction (Tanimoto et al., 2000) . The wild type distribution of pMad in the leg disc is shown in Fig 5A-C . The pMad protein is found in the dorsal and ventral regions, with a pattern resembling, but broader than, that of dpp (Basler and Struhl, 1994; Brook and Cohen, 1996) . The levels of pMad are similar in the dorsal and the ventral regions, even though the major dpp function is restricted to the dorsal side (Jiang and Struhl, 1996; Brook and Cohen, 1996) . We also found that Mad is phosphorylated in the dorsal part of the Hth domain (Fig. 5A-C) , where the Dpp pathway is repressed or attenuated (Gonzalez-Crespo et al., 1998; Abu-Shaar and . In principle, these findings suggest that the repression of the Dpp pathway by hth is downstream the transduction of the signal.
However, when clones of cells with ectopic expression of hth are generated in the leg disc, the distribution of the pMad antigen is altered, and the effect appears to extend outside the clones (Fig. 5D-F) , although the staining with anti-pMad does not allow to make a firm conclusion about non-autonomy. We also find that the levels of the Dpp receptor thick veins (tkv) is increased in the cells expressing hth ectopically (Fig. 5G-I ). This upregulation is probably the result of a slackening of the Dpp pathway, as we have obtained evidence that just as in the wing (Lecuit and Cohen, 1998) , tkv expression is down-regulated by Dpp activity in the leg disc. Indeed, we observe that the regions containing high levels of Mad phosphorylation correspond to those with lower tkv expression (Fig. 5 compare panels A-C and G-I) . These high levels of receptor might be related to the nonautonomous effects caused by ectopic hth (see Section 3). These observations suggest that the activity of hth may interfere with the transduction of the Dpp pathway.
hth prevents the expression of primary and secondary Dpp target genes
Next, we tested the response of Dpp target genes to ectopic hth activity. Already there is published evidence that Dpp targets such as omb and dac are repressed by hth/exd activity (Abu-Shaar and Gonzalez-Crespo et al., 1998; Wu and Cohen, 1999) . We have also found (not shown) that hth represses D-hairy, a hairy enhancer whose expression depends on high Dpp levels (Hays et al., 1999) .
We have paid special attention to the response of two major target genes, Dll and dachshund (dac). Unlike omb and D-hairy, Dll and dac require input from both the Dpp and Wg pathways (Lecuit and Cohen, 1997) . Dll is expressed in the central domain of the disc whereas dac expression overlaps in part with Dll but extends more proximally (Figs. 6 and 7) . dac is repressed by high concentra- (Lecuit and Cohen, 1997) .
hth-expressing clones affect dac expression, but in a manner that depends on their position in the distal region. Many of the clones located in the centre of the disc, but outside the normal dac domain, induce ectopic dac activity (Wu and Cohen, 1999 ; see Fig. 6A-C) . This activation does not occur in all the cells of the hth-expressing clone, and also extends to cells outside the clone, as reported previously by Goto and Hayashi, 1999 . However, the clones located in the intermediate region of the disc, within the normal dac domain, either show no alteration or in many cases exhibit a reduction of dac activity. The effect of hth activity on dac expression can also be visualised in ombGal4/UAS-hth leg discs; these discs often show loss of dac expression in the intermediate zone (Fig. 6D-F) . The effect appears to be non-autonomous as it extends to cells that do not contain hth activity.
Contrary to the effect on dac, cells expressing hth exhibit normal Dll activity (Fig. 7B, C) . However, as the phenotype of discs containing ectopic hth activity in the Dll domain (Fig. 3B) resemble that of Dll mutants Cohen et al, 1989; Gorfinkel et al., 1997) , we tested the possibility that hth may interfere with Dll function downstream its expression. We have examined the effect of ectopic hth on two Dll target genes, Bar and aristaless (al). Bar is normally expressed in a ring that corresponds to tarsal segments 4 and 5 (Kojima et al., 2000) . As illustrated in Fig. 7F -H, cells expressing hth loose Bar expression.
In the case of al, the results are more complicated because al is expressed in two different regions in the leg: in the dorsoproximal leg, mostly inside the hth expression domain, and also in the distal leg where the claws are formed. The distal al domain consists of a small group of cells located in the centre of the disc (Fig. 8A ). This domain is dependent on Dll activity, whereas the proximal one is not (Campbell and Tomlinson, 1998 ). As we show above, al activity in the dorsoproximal domain requires hth function (Fig.2G-I) .
We find that clones of cells expressing hth in the Dll domain affect al expression differently depending on the position of the clone. In the intermediate regions of the domain, which do not normally have al expression, these clones exhibit ectopic al activity, but in the centre of the disc, the normal al domain, hth represses al (Fig. 8E-H) . We have confirmed the differential local effect of hth activity on al making use of the C765 Gal4 line, which confers a activity all over the disc. Discs of genotype C765/UAS-hth show loss of al expression in the centre of the disc but ectopic expression in the intermediate regions (Fig. 8B-D) . The activation observed in the intermediate disc region, which corresponds to the medial leg, likely reflects the positive regulatory role of hth on the proximal leg region. As a result, the proximal leg pattern is expanded. This is consistent with the abundance of proximal pattern elements in these legs (see Fig. 4 and Section 3). In these experiments, the effect of hth on Bar and al expression appears to occur at the level of individual cells (Figs. 7 and 8) , strongly suggesting it is a cell autonomous. 
Discussion
A principal feature of the Drosophila leg and also of limbs of other species of arthropods and vertebrates (Gonzalez-Crespo and Morata, 1996) is that it is made of two regions, a proximal region containing hth/exd activity, and a distal one which does not express hth/exd but contains full activity of the Hh/Dpp/Wg signalling cascade. We report here some of the roles of hth contributing to this subdivision in Drosophila.
In the proximal region, the activity of hth serves two related purposes: (1) it blocks the patterning influence of the Wg and Dpp signals, which are present all over the leg disc and (2) it activates downstream genes involved in specification of proximal identity.
The examination of hth mutant clones in the proximal region illustrates the role of hth preventing the patterning influence of Dpp and Wg signals. hth 2 cells in the coxa differentiate femur, a leg region specified by the response to Wg and Dpp (Lecuit and Cohen, 1997) . They tend to join the normal femur (Fig. 1) , also suggesting a change of fate toward femur. Wg and Dpp response genes such as omb or dac, normally repressed in the proximal leg, become activated in the absence of hth/exd. The only response gene which is not derepressed by hth mutant clones in the proximal leg is Dll (Gonzalez-Crespo et al., 1998; Abu-Shaar and Mann, 1998; Wu and Cohen, 2000) . A likely reason for this is that Dll activation requires high concentration of Wg and Dpp (Lecuit and Cohen, 1997) , which cannot be reached in the periphery of the disc. As omb requires lower levels of the two signals, it may be activated by the loss of hth in the proximal leg. The change of fate observed in hth -clones in the proximal leg is consistent with the observation that hth 2 cells lose activity of tsh and gain dac but not Dll activity. The only cells in the leg disc containing dac but neither hth, tsh nor Dll expression are those in the femur region (Lecuit and Cohen, 1997) .
hth is also involved in the specification of proximal leg identity where it appears to function as a selector gene: its activity is necessary for the normal expression of two genes, tsh and al, which appear to play a role in the specification of proximal leg structures (Erkner et al., 1999; Campbell and Tomlinson, 1998; Wu and Cohen, 2000) . Furthermore, ectopic hth activity results in gain of activity of these two genes, suggesting that hth acts as an upstream activator. hth appears to be required not only for normal tsh expression, but also for the stability of the Tsh protein. Previous experiments have shown that tsh-expressing clones in the distal region can only be detected in ventral positions, where Wg signalling is active and Tsh binds to Armadillo (Erkner et al., 1999) . These clones initially show Tsh protein but it disappears later. The fact that we are able to detect the Tsh protein in hth-expressing clones in distal dorsal positions suggests that hth not only activates tsh, but also prevents the degradation of the protein. The regulatory role of hth on tsh is intriguing because it appears to be the reverse of what is observed in the wing disc, where tsh acts as a positive regulator of hth (Azpiazu and Morata, 2000) . Our finding that clones of tsh-expressing cells have no effect in the distal leg is consistent with a contribution of the Hth product to Tsh stability since these clones do not possess Hth.
The repression of the Dpp pathway by Hth
The experiments expressing hth ectopically provide some indications about the mechanism by which hth blocks the activity of the Dpp pathway. As expected from previous work Wu and Cohen, 1999) , hth does not interfere with the production of the Dpp signals, for dpp (like hh and wg) is normally expressed even in the presence of high levels of the Hth protein. A primary effect of Hth appears to be on the transduction of the Dpp signal. We find that the level of Mad phosphorylation, which can be used as an indicator of the levels of Dpp transduction (Tanimoto et al., 2000) is reduced, though not eliminated, in discs containing cells misexpressing hth. This is also reflected in augmented levels of tkv expression observed in hth-expressing cells. The expression of tkv is normally down-regulated by high Dpp levels (Lecuit and Cohen, 1998 , our own results); hence the high tkv levels of cells expressing hth indicate a debilitation of the Dpp pathway.
In addition to the effect on Dpp transduction, we have also found that Hth may also interfere with the activity of genes secondarily regulated by Dpp. This is illustrated by the functional inactivation of Dll by Hth; ectopic hth activity in the Dll domain does not alter Dll expression (Fig, 7B-D) , even though hth overexpression causes a phenotype resembling Dll mutants (Fig. 3B) . However, hth suppresses the activity of two Dll target genes, Bar and al, indicating that there is an indirect inactivation of Dll function via its target genes. This situation resembles the phenomenon of phenotypic suppression described for Hox genes Duboule and Morata, 1994) . One possibility is that the presence of the Hth product results in the formation of Hth/Exd/Dll protein complexes, which may be unable to bind to Dll target sites.
Autonomous and non-autonomous effects of hth
The results reported here and previously by others (Goto and Hayashi, 1999) show that cells expressing hth have cell autonomous and non-autonomous effects. In addition, our experiments suggest that hth acts by two different mechanisms. (1) The results obtained with hth 2 clones in the proximal leg and hth-expressing clones in the distal leg indicate that hth may behave as a selector gene and as such is able to activate or repress downstream genes, tsh, al, Bar in a cell autonomous manner.
(2) hth also prevents or reduces the full expression of the Dpp (and possibly the Wg) pathway. We believe that the non-autonomous effects observed after ectopic hth expression may derive from the mechanism by which it reduces the activity of the Dpp pathway. The levels of Mad phosphorylation are diminished in discs containing cells expressing hth, and also the amount of receptor Tkv is increased (Fig. 5G-I ) in those cells. It is possible that by having higher than normal levels of Tkv, hth-expressing cells are able to capture more Dpp ligand than surrounding cells, thus producing a local depletion. Therefore neighbour cells will receive less Dpp than corresponding to position. When the hth-expressing cells are located in the Dll domain, this phenomenon may result in neighbour cells gaining dac, a more proximal marker which requires lower Dpp levels (Lecuit and Cohen, 1997) . If hth-expressing cells are in the dac domain, the local diminution of Dpp may be interpreted as the loss of dac, as observed.
This explanation is also consistent with the general proximalisation of legs (Mercader et al., 1999; Fig. 4 ) observed after hth expression: the cells having high Hth levels would have lower Dpp transduction and will tend to differentiate a more proximal pattern than corresponding to the position. At the same time, they acquire high Tkv levels producing a local depletion of the ligand. The latter will cause a nonautonomous effect on neighbour cells that will also differentiate a more proximal pattern than corresponding to position. The general result would be a shift towards proximal patterns, which require lower Dpp and Wg values (Lecuit and Cohen, 1997) .
Materials and methods
Drosophila strains
The following Drosophila strains were used in this work: FRT82B hth P2 /TM3, Sb, ywf 36a hsFLP122; Ubx/abxFRT f 1 FRT Gal4 lacZ/Cyo; UAS-y and ywf 36a hsFLP122; actFRT yFRTGal4 UASGFP/SM5,Tb; the reporter lines puc-LacZ (Martin-Blanco et al., 1998), tkv-LacZ, and Dll-lacZ (Flybase); the Gal4 lines Dll-Gal4, ap-Gal4, omb-Gal4, C765 and bab-Gal4 (M.C. and G.M. unpublished data), and the UAS-hth, UAS-tsh lines (Pai et al., 1998; Azpiazu and Morata, 2000) .
Generation of clones gaining hth function
The Gal4/UAS system (Brand and Perrimon, 1993 ) was used to induce ectopic expression of hth. To generate marked clones of hth-expressing cells, we heat shocked larvae of genotype ywf 36a hsFLP122; Ubx/abxFRT f 1 FRT Gal4 lacZ/UAS-hth; UAS-y (also described in Azpiazu and Morata, 2000) . Discs were dissected from the third instar larvae, fixed and stained as described below. The clones of cells generated by recombination at the FRT sequences gain Gal4 and lacZ activity and can be detected upon a b-Gal staining or with an antibody against the Hth protein. In the adult cuticle, the clones can be scored because they are mutant for f 36a and contain y 1 activity.
Generation of hth loss of function clones
The FLP/FRT technique was used to generate hth loss of function clones. Larvae of genotype yw hsFLP1.22; FRT82B hth P2 /FRT82BM y 1 were heat shocked for 15 min at 378C at the different larval stages. Flies of the appropriate genotype were mounted and scored for cuticle phenotypes. Clones of cells homozygous for hth P2 are mutant for the marker yellow.
Generation of a polyclonal anti-hth antibody
The complete hth cDNA was cloned in the pQE vectors (Qiagen) and the recombinant protein was purified following the QIAexpress protocols. The protein was injected into rabbits and guinea pigs and the serum obtained was used as polyclonal antibody.
Inmunostaining of discs
Leg discs were dissected in phosphate-buffered saline (PBS) and fixed in 4% paraformaldehyde for 20 min at room temperature. Disc were subsequently washed in PBS, blocked in blocking buffer (PBS, 0.3% Triton, 1% BSA), and incubated overnight with the primary antibody (anti-b-Gal diluted 1:2000, anti-Hth 1:500 (rabbit), anti-Bar 1:5, anti-Dac 1:10, anti-pMad 1:800; anti-Tsh 1:200; anti-Al 1:500) diluted in blocking buffer at 4 8C. Washes were performed in blocking buffer, and the appropriate fluorescent secondary antibody was added for 1 h at room temperature. Following further washes in blocking buffer, the discs were mounted in Vectashield.
Antibodies were kindly provided by M. Sato (anti-Bar), H. Tabata (anti-pMad), S. Kerridge (anti-Tsh), G. Campbell (anti-Al) and the Hybridoma Center (anti-Dac). b-Gal antibody (rabbit) was purchased from Cappel. Images were taken in a laser MicroRadiance microscope (Bio-Rad) and subsequently processed using Adobe Photoshop.
Preparation of adult cuticles
The adult flies were dissected in water and cut into pieces. They were then treated with 10% KOH at 958C for 3-5 min to digest internal tissues, washed with water, rinsed in ethanol and mounted in Euparal. The preparations were photographed using a Zeiss microscope with 64T films.
